
NRL Report 6564

. Stress-Corrosion Cracking Characteristics
00. of Alloys of Titanium

in Salt Water

July 21, 1967

DD

SE r----

NAVAL RESEARCH LABORATORY'
Washington, D.C.

DISTIBUTIO OFTI11iS LKXAJM.NR I~ IbNLIMITED



U N

NRL Report 6564

Stress-Corrosion Cracking Characteristics
of Alloys of Titanium

in Salt Water

R. W. Judy, Jr. and R. J. Goode

Strength of A\Ietal, Branch/

,\Metallurgy" Divtszron

JIdN 21, 1967

4AVX

NAVAL RESEARCH LABORATORY

Washington, D.C.

DIsIIRIBI 10 11('s [)) ( I I , iit M i 1%- ,, I' i 11 1 1 1



CONTENTS

Abstr act
Problem Status i
Authorization Hi

INTRODUCTION 1

EXPERIMENTAL PROCEDURE 1

RESULTS 3

DISCUSSION 7

ACKNOWLEDGMENTS 7

RE FERENCES 8



III
ABSTRACT

The salt water stress-corrosion cracking (SCC) characteristics
have been determined for a large number of titanium alloys represent-
atives of commercial production. These data were compiled as part uf
an NRL progiam dlected to determining the underlying principles of
SCC in metals and to establishing procedures for improving the SCC
resistance of these metals as well as learning to tolerate the problem
where it exists.

The SCC resistance wc ctPrrminpd ,,e-,, ,,-oink--,ed cantilever
bena , ;itft wnaiys•b by iyactule ni.aidiUC? t,,'".CS. T•"c
test results for the spectrum of alloys and weldments studied indicate
that no correlation wit•" mechanical properties exists, which makes
precise prediction of SCC properties of particular alloys difficult, if
not impossible.

The data obtained provide guideline information Wor programs sim-
ilar in nature to the NRL program as well as for alloy development,
design and materials selection, and specifications and quality control.

PROBLEM STATUS

,This is an interim report; work is co. tinumng.
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STRESS-CORROSION CRACKING CHARACTERISTICS
OF ALLOYS OF TITANIUM IN SALT WATFP

INTRODUCTION

Titanium alloys, as a group, have several properties which make them desirable for
use in naval .,oplications, primarily as .t.r-•teriais for pressure veq-Mcl and
huli ,,,atertai ioi research type submersibles. High strength-to-density ratio, good
fracture-toughi.ess characteristics, good weldability, nonmagnetic characteristics, and
good gene.al corrosion and erosion charactei istics are the principle features of many of
the alloys. However, a number of the titanium alloys are sensitive to stress-corrosion
cracking (SCC) in salt water if the proper set of condttions exists.

Three separate and distinct phases of failure by stress-corrosion cracking exist for
other materi,?s such as steels and aluminum alloys: (a) the formation of small pits by
erosion or , Jrros:on attack, (b) the formation and propagation of a sharp crack at the
bottom of thL pits (SCC), and (c) rapid unstable crack propagation when the crack has
grown to sufficient size. Since smooth specimens of titanium alloys are not affected by
exposure to aqueous environments, their sensitivity to stress-corrosion cracking in salt
water was not discovered until a test specimen which included a sharp itaw was designed.

For stress-corrosion cracking to occur in titanium alloys, it has been shown (1) that
three conditions mnust exist simultaneously: a stress of suffi.ient magnitude, a flaw of
sufficient size and acuity, and an aggressive environment. Stress level and flaw size can
be combined and expressed in terms of the fracture mechanics stress intensity factor
K z. and expressing SCC resistance in terms of K provides some degree of translation to
expected structural performance. Studies based on the fracture mechanics apprvacr,
have been conduct ?d at the Naval Research Laboratory on a large number of commer-
cially produced titanium alloys as part of a program directed to determining the under-
lying principles retated to SCC sensitivity in metals and to establishing procedures for
improving their SCC resistance as well as learning how to tolerate the problem where
it exists.

The resullb are presented for the whole spectrum of titanium alloy materials stud-
ied, to insure that maximum benefits are derived not only by those concerned with simi-
lar programs but also by those concerned with developing alloys with high SCC resistance.
specifying current production alloys for use in structures, and providing information
which can be utilized in design. It must be emphasized that the SCC studies are continu-
ing and that this report is considered the first edition of a catalog directed to providing
the widest compendium of SCC information on advanced high and ultrahigh strength
structural metals.

EXPERIMENTAL PROCEDURE

The test method used in this study was the precracked-cantilever-beam test intro-
duced by B. F. Brown (2). In this test a bar, of square or rectangular cross section,
containing a fatigue-crack flaw is loaded in bending in the presence of a 3-1/2-wt-% NaCl
solution. The lowest stress intensity level, denoted K,,,, at which SCC can definitely
be shown to occur is found by bracketing techniques. To accomplish this a specimen is
loaded to a known K , level after the salt water solution is applied. Loading rates are

1
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quite rapid, usually being less than 5 seconds until the full load is applied. If the speci-
men does not break in 1 hour, the load is increased by steps at regular intervals until
fracture occurs, the time to fracture being recorded. The initial K , level is denoted as
"No Break" and is used to bracket KI cc*

The data is displayed on a plot of K, versus time to fracture, K I... being indicated
as the lowest K line above which SCC has been shown to occur. Brackets or limit val-
ues on data points are used to indicate that the fatigue crack was irregular. The limits
are the maximum and minimum K, values which can be calculated from the irregular
fatigue crack; the center data point is the numerical average of these limits.

Comparison of Kl,,, with Kl,, the stress intensity required for fracture in air
(designated "Dry"), gives an indication of the relative resistance of an alloy to SCC for
the specimen geometry used. The test specimen, along with the equation used to calcu-
late K, values (3), is shown schematically in Fig. 1. A iypical fractured specimen of an
alloy quite sensitive to SCC is shown in Fig. 2, with the fatigue, SCC, and fast fracture
zones illustrated. A typical SCC test machine is shown in Fig. 3.

CRACK

~r~ Fig. I - Schematic of SCC specimen

and equation for calculating the stress

41 Mintenrity factor K 1

4.12 MK r - BD 3 /2

D

Fig. 2 - A typical fractlired SCC
specimen of a titanium alloy

rhe specimens tested varied in cross-sectional dimensions; the dimensions of the

specimens for each particular alloy are given in the tables contained in this report. In

some cases shallow side grooves were employed to suppress shear lip formation; the

side groove depths are also given in the tables.
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Fi~re 3 Appa ratus used for SCC tests

In testing weidments of titanium ailoy plate. it was desirable to obtain SCC informa-
tion at several points in the weldment. For this reason, tests were conducted on speci-
miens that have the notched test section located at the weld centerline at the fusion line.
and at various points in the l~eat-affected-zone (HAZ). Since welded plate is difficult and
exp~ensive to fabricate, the dry ;,Ilue K, was not determined in all cases.

RESULTS

Env ironlmental cracking data for somc *titanium alloy base plates along with some
mechanical properties of the alloys tested are shown r Table 1. Figures 6 through 76
show the characterization curves "'r the same ailoys. Except as noted all specimens
were taken from 1-inch plate in the as-received .t.iil-annealed) condition and had low
interstitial contents (below 0.08'r 09). Table 2 and Figs 77 through 90 illustrate SCC
characterization data for welddments of some of the base plate material. Particular in-
lor~nation concerning types of weidments and notch locations are also given

A summary chart showing the relative sensitivities of titanium alloys lit several
jplate-thicknesses and as-received and heat-treated conditionb is shown in Fig. 4. This
chart is a plot of yield strength (YS) versus K I,, and is referenced by lines of constant
critical flaw depths. These reference lines represent the flaw depth necessary to cause
crack extension due to SCC at yield strength loading for the case of the 10:1 flaw (width
of flaw = 10 times flaw depth) - presumably the worst possible case (4). The critical
flaw depth (a) is calculated by the formula a = 0.2 (K ,, 'YS)'.

At the beginning of the SCC studies on titanium alloys, it was assumed that labora-
tory test results with a 3-1 '2-wt-"7 salt water environment would not significantly differ
from results obtained with a fresh sea water environment. This assumption was based



4 ' I. V A \'I) h I, --

Table I
Stress Corrosion Cracking Characteristics of Some Titanium Alloys

- Siw .net, DJim, - - -

Titanim Alloys Code ., I)WT- K,.lbl 1k, K. W ,,,jr
,ta ,, Iklth

,___ - ff22' H,SAI-2 SSn 3 1 12 27,50 13 0 50 1 1 3 4 1? 1 105AI-25,.,, 7 125 5 20oo1 119 5o 1 3 4 1 1 ti
13V-IICr-3AI 9 1285 1000 88 28 1 3 4 1 PUnalloyed 17 3 500 69 40 3 4 1 32 kih
SAI-2 5Sn 118 -- 170 112 50 ! 3 4 i 10SAI-2 5Sn 18 1147 1750 128 i " 2 1 Il 18 I 88A1 IIMo-I 19 120 4 -- 88 23 "2 10- 7 F I ti A(

I 12(K f 2 tit W14•8AI-I1,- I'% It 07, -- 112 . 28 1 1 2 I 1825 1 1 hz A(8AI-4Sn-IV 20 1314 2250 114 42 1 1 1 16 132 1125 F Ih WQ
110o 1, 2 hi A(6AI-6V-2 5Sn 21 1796 -- 55 21 [ 3 4 6') ( f I hti WQ-

19oo f 4 hi A(6AI-2Mo 22 1244 3333 1 122 102 I II 16 1 32 1l75t) i I ' A(

S8AI-2Cb-Ta 2 13 50 !2 31 1 4 132
6AI-2Sn-IMo.IV 25 1:00 250 J 31 i 1 3 4 I R2MA -IV' 27 120 931 88 67 I 1 It 1 326AI-4V .2 160 101 80 1 3 4 1 ziqi "t. IG 5AI-SZr.-IV 36 127 1480 99 49 1 34 16AI-25n-IMo-IV 37 121 5 .660 112 X, . . I7
AI-2Cb-ITa 39 106 2086 105 43 1 11 16 --6AI-6Zr-IMo 41 !02 2646 106 102 1 1 2 1 It,7AI-3Mo 46 103 9 2808 128 45 1 -

3AI 52 71 3 5000 81 64 I 12 1 I.6A1-42r 2Mo 85 121 4 1478 117 46 1 3 4 1 326AI-4V 56 1237 116 95 12 1 2 -5Ai-2 5Sn 57 113 6 112 39 '2 1 27A -2Cb-ITa 58 11300 42 40 2 12 26AI-2Mo 59 123 0 11 '6 12 12 -- 27AI-12Zr 62 1105 87( 108 42 34 1 8 1 •ztnit*utz ýtfh116AI=4V-2SV2 67 I158 1173 97 88 1 3 4 1 86Ai-4Zr-2'Sn-0 5Mo-0 5V 69 113 5 1784 124 40 3 4 I 8IOMo-54Sn 69 115 1905 129 128 1 2 '116 1200 1 48H i WQ7AI-2Cb-ITa 70 102 4 21A4 110 63 1 1 2 -- i'tllled Ate7AI-2Cb-ITa 70 100 8 2294 118 40 I 'I1 16 ia .2ter7Ai 2 SMo 71 113 5 1751 112 88 3 4 327A,-2Co-ITa 72 102 8 2174 1034 5645 558 I 1 0 22010 F Ige rdut Ii,', A(
1A-Cb ~ 73 .3 2206 1 30 I 56 1 8 1101

7AI-2Cb-ITa 7i 2206 122 50 1 5 8 1 10 Pianetary rolled7A5-2Cb-ITa 7 2902 118 43 1 S - 1 107A1-3Cb-2Sn 76 108 5 2026 146 75 1 5 8 110
7A1-2Cb-ITa 7d .29 12 88 111 1161A- -1 2 12 16
6AI-2Mo-2V-2Sn 80 120 1540 9 96 4 107AI-IMo- IV 88A . 94 so 2 1 2 1 16 1750 F I .r vac FC7A1- I- o- IV 88 90 78 112 12 116
7AI-IMo-IV 88C 1056 2443 111 80 1 2 1 327A1.1,,olV 88D 1064 2v26 122 1 12 32 1650 FI hr fie cool7A-I IMo-IV 88E 119 8 1228 117 1 2 1 3 ,0 F'1 hr lie (0ol7A I-I0o-IV 88 113 7 118 42 1 3 4 1 32 1.00 F I hr lie cool7AI-2Ct.-ITa 89 110 6 2146 119 45 1 5, 8 185AI-2V-2Mo.-2Sn 90 112 7 1723 108 100 1 3 4 1 106AI-4V 91 104 9 !228 118 90 1 3 4 1 106AI-6V-2Sn-ICu-0 5Fe 92 122 1 681 III 96 1 3 4 I 106A=-6V-2Sr.-ICu-0 51` 92 120 1 102 78 3 4 132 1660 1- 1 hr lie cool6A1-36-I~lo 93 116 5 1173 116 110 3 4 106A1-3V-IMo 93 - - 112 98 1 3 4 1 32 1850 F 1 hr lie bool7AI-2 SMo 94 11i. 2 1540 101 80 1 12 1327Al-2 SMo 94B 990 2086 118 93 1 1 2 1 32 1800 F I hr lie tool7AI-2 5Mo 94 108 123 92 1 3 4 1 32 1800 F f hr lie ,ool
6AI-4V 95 - 811 94 68 1 1 32 ELIGrade 0 !Zl-O)6AI-4V (ELI) 95 1- I -- 112 84 1 3 4 1 32 1850 F I hr lie (ooi6A -2Cb-ITa-0 8Nio 96 -, 2384 117 98 1 1 I 2 1 3211 Mo-SSn-57r 97 100 5 1021 17 94 1 1 2 1 3235.,1 98 740 397 90 80 1 ! 2 1 323 SAL 98 70 9 4724 101 0 1 142 1 32 1660 F I hr lie cool6AI-4% ' -- 1052 107 ,100 1 2 1 32=6A-2Mv RI 1 17 6 1601 107 94 1 1 326Al-4V-2Mo R2 1280 1052 96 82 1 3 4 I 1 32

6A1-6. -2,-2'io 8R4 138 2 514 71 65 I 326A-6V -2S-2Mo 10R4 126 8 681 91 82 !1 3
6~A -ied2- A7 - 8-4 1 32 1660 F 2 n. lit (Got

""" 2 'ed A- 78-84 - 61 2-- 14igh intersti[lal7A[-2C0-ITa 05-0 - 100 35 7 8 12 I Mat, from DT172.1, NSRDCAAI-INio- --)- 130 -- 54 Q 1 8 . _
6AI-4h -- 165 -- 64 5 1 3 4 110 MinuternAn Casing Mat I
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Fig. 4 - Stress corrosion cracking resistance index for titanium
alloys in 3.5% salt water

on the observed rapid crack propagation rate and consequent short time required for
complete fracture of the titanium alloy specimen at K levels very near K ,©. To test
this assumption several specimens of a Ti-7AI-2Cb-lTa alloy (coded T89) (an alloy very
sensitive to SCC) were tested at NRL's Key West, Florida, facility using fresh flowing
sea water as the environment. The same testing equipment and procedures were used in
each case, the only difference being that specimens having 1/8-in.-deep side grooves
were tested in the laboratory solution, whereas the specimens tested in sea water were
not side-grooved. Previous tests indicated that similar results could be expected in the
laboratory for both specimen types for titanium alloys having low resistance to SCC.

Figure 5 shows the results of both tests, which were essentially the same. Both the
K values and the subcritical crack growth portion of the curves (time to fracture)
agreed very closcly, which indicatbs that the original assumption of similarity of SCC
results in both environments seems to be valid. For further confirmation other studies
of alloys which are not extremely sensitive to SCC will be made.

Some investigators (5) have reported that the presence of molybdenum as an alloying
addition generally improves the SCC resistance of titanium alloys. This is borne out in
tests of the TL-6AI-2Cb-ITa-0.8Mo alloy (T96), ,hich is similar to the highly SCC sensi-
tive TI-"6AI-2Cb-1Ta alloy. The substitution of 0.8% Mo for 1.0% Al resulted in a Khe
levf.l of 98 ksi rF-n. for the T96 alloy, which is conlsiderably higher than the highest Kx,,,
level of any Ti-MAI-2Cb-lTa alloy tested. However, other molybdenum containing alloys
such as 7AI-WMo-WV (T88) and 8AI-IMo-IV (T19) were shown to be quite SCC sensitive.

SCC tests of various types of weldments indicate that these alloys can be welded
without a severe reduction in SCC resistance. A study of eight different MIG weldments
(Table 2) showed that values of K ,,, generally decreased for welded material compared
to base plate and that solution heat-treatment in the alpha and beta range Improved the
characteristics of the welded plate.



Table 2
Stres.s Corrosion Characteristics of4 "itanium Alloy Weidments

r,?anliun, Alloy IC.., kYS DA rT K , I K. TyIw Da.I lrom tl lRt1114r1.
M1-ib) fk.1 'inl ka Weldn'ent' Fusion 0epntt 1* 0th Grmvv-

6A F -2 82] ER 30 1 ~3 41 8

6A1-2Mo9 132 1- so1701 34

74 - MIG 12

MR, O20 I z

6!46T-271 .. i E 0 60 1 3 4 1 18

6A.V100 E13 1I W

6A-VT-271 00 MIG (LWl I 4 1 8

I.91 M 1K 0 06

ITAl.2Cb- lTa T -78 0 1 55 81

-- 61 E13 0 30
S Ell 0 40

6 64 t1 3 El 0
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6iAI-6V-2Szn-1(--l Fe -2 33 - 52 49 MPl C 132 1 32

FF- I 68 1 48 51 0I 3 16
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-: 10f, -4 M , 3 16
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I fIf' 90 PMlO 3 .6

7.51 2 1 2M,,) I 17 316 MG 1 2 1 3.^ 60 iec
f-9 II -

92 5 % IilO 3 1,

1 31 90, .4t 3IG 6c 180 F I n, ti, ,,Il

PA!5-45 (1 1210,,0 -~ 8 fm, 179 '12 11 32

'1052 5IG 31 :F F F

IA I.U-T - 8"" T9026 11 W) 1 18, 1

-C,, I3 3
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F.ig. 5 - Comparison of SCC characterizatorns
for laboratory tests -n 3.5% salt water solution
and in flowing sea water

DISCUSSION

The SCC data presented here do not show any direct correlation with mechanical
properties. such as yield strength, drop weight tear energy, and Charpy V energy. Ail
the alloys tested showed some degree of sensittvity to SCC, though several alloys showed
only a vory slight susceptibility. The distribution of the data and the lack of a trend are
well illustrated in the stress-corrosion cracking resistance index chart. fig. 4,

Lacking a correlation of any kind at this time, it is difficult to predict with any de-
gree of precision the relative degree of sensitivity to SCC of a particular alloy without
conducting SCC tests. It should be noted that differing levels of K l ,., were found for
different heats of alloys with the same nominal composition, which indicates that proc-
essing variables play a role in determining SCC sensitivity. However, a general indica-
tion of approximate levels of sensitivity to SCC can be realized from these data if these
factors are considered.

Recently it was found that a Ti-6A1-4V alloy was extremely SCC sensitive to methyl
alcohol whereas the same material did not appear to be affected by aqueous environ-
ments (6). An addition of approximately lr H 20 to the methyl alcohol provided the "fix"
to this problem encountered in one of our space programs. Such experiments serve to
indicate that the SCC resistance of metals being contemplated for structural desi6,n
should be determined for each and every type of service and preservice environment it
will see. This experience also points up the difficulty of predicting just what ingredients
can be used to neutralize a normally hostile environment.
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14 T - 6AI - V2 Mo

T - 22 -4E I' PLATE; SPECIMEN
SECTION I' x/16 (SIDE GROOVED

(R)TO 1/2') 0
CHEAT TREATMENT 150"F/I hr/AC

12d I9IC00*F/4 hr1/W0]
YS (k,.) 127 3L, 1244 T
UTS (kh,) 1316 L, 129LO T
HEAT NO 2433

SMC 70

102

20 a--Kc . 1

or t I , I I 1
0 2 4 6 8 10 12 14 16 Is 20

TIME ( MINUTES)

Fig. 16 - Environmental cracking characterization curve for titanium alloy T-22
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120 T -23

DR rs-8A1 -2Cb-lTo

100 R YS-115RW 113WR
DWTT - 2250 RW 175OWAt HT 1965*F/IHR/AC

80 (AS REC-D CONDITION)

i-0

20-0- NOBRA

0L _ _ I I I I _ _ j
0 1 20 30 40 50 s0 70 80

TIME (MIN) ERL

Fig. 17 - Environmental cracking character-
ization curve for titanium alloy T-23

120 T-25
TI-6AI-25n-IM*-IV
YS-100 KSI
DWTT-2250 FT-L8j0 Ksscc '0 KSI /-Ii

40h-

201-

0 10 20 30 40 so 60 70 so
TIME (MIN) (q

Fig. 18 - Environmental cracking charac-
terization curve for titanium alloy T-25

•it
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140 Ti-6AI 4V

T-27-L6 I" PLATE, SPECIMEN
SECTION I' It 1/16' ( SIDE
GROOVED TO 1/2") ASRECEIVED

;20 I'S (k $i) 11561, 1200 T
UTS (kIll 1260 L, 1290 T
HEAr NO 3960641

MC 62
100 -

TIM (MIRYES

f 

60-an 67

401-0

20f-

0 2 4 6 a 10 12 14 16 IF 20
TIME (MINUTES)

Fig. 19 - Environmental cracking characterization curve
for ti•tanium alloy T-27

T I,-6 A1-4V
HIGH INTERSTITIAL

'00'.- YS-I2I KSI (WR)I~~v•'0 WTT-660 FT-LBM|R)

K sc*$ KSIA

6 ,
40'-

0 -- - --- - -
0 go 20 30 40 t,0 60 70 so

TiE (MINM •(

Fig. 20 - Environmental cracking charac-
terization curve for titanium alloy T-32
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T- 3612OF Tt-6j At- 57r-IV

YS- 127 KSI
10 - OWTT-1480 FT-LB

80

G K " 49 KSI /IN

40[L:, T-E IN -. oM L

20

0 10 20 30 40 50 60 70 80- iTIME 
',MIN) ( -=PZ:

Fig. 21 - Environmental cracking charac-
terization curve for titanium alloy T-36

T-37

130 T ,-6AI -2Sn- IMo-IV
YS 1215 KsiJ7
DWTT 1660 FT-LBS

12T0-.2

I DRY

.4 |,-SPECIMEN NOT SIDE GROOVED
ALL OTHERS SIDE GROOVED

100

NO BREAK

80[
701 - __5 7 i7'5 1650' 1 8

0 5 10 I 7 8 0 160 70 180

TIME (MIN)

Fig. 22 - Environmental cracking character-
ization curve for titanium alloy T-37
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140 Ti - 7AI -?Cb-ITo

T -39-L I- PLATE, SPELIMIEN SECTION
I" II1/16"
AS RECEIVED
YS (ks.) 1060L

120 UTS(ksI 1200 L

HEAT NO 3•)464

IORY)
MC 56

100

80

X (TAP WATER)

. 60

SKIscc .

40• 43

20

I , I , I, , 1 •
0 2 4 6 8 0 12 34 16 18 20

TIME (MINUTES)

Fig. 23 - Environmental cracking characterization curve
for titanium alloy T-39

,49 T -
V Ti - 6AI -6Z, - 1M*

YS - 102 KS1

!2C - OWTT -2646 FT-LB

MRY K,,c.I2ISIlliN

eo -K 92
G o-

60.

"40
2 0 I I I 1 I

0 ° 0 20 30 40 so 60 70 80

TIME (MON) '---• 

•_

Fig. 24 - Environmental cracking character-
ization curve for titanium alloy T-41
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:40 T,-AI-3hMo

T- 46 1 PLATE, SPECMIEN SE(,TION
AS nOC"IVE

YS ks,) '03SL, 0 2O T

920 UTS;ow) 1116 L, 1260T
NRL HEAT

-00.so \
60-

x

T'sCC 58•0- x
40 45 340O

20

LG 2 4 6 8 I0 200 400 600 Goo

TIME ( MINUTES)

Fig. 25 - Environmental cracking characterization curve
for titanium alloy T-46

T-52
12OF TI -3A I

I Y' - TL3 KS.

IooL- DWTT >5000FT-L

I
KKISCC 64KSI. rot

zeoHI NO
40ý- BEAKC

20r

0 10 20 30 40 s0 60 70 so
TIME (MIN) i'L,

Fig. 26 - Environmental cracking character-

ization rurve for titanium alloy T-52
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S140 
T-55

Ti -6AI -4Z? .2Mo

120 YS 1?14
"DWTT 1478

-10-

80

401-S0

5 io i1 20 25 30 35 40
TIME (MIN) 

;-Lý

Fig. 27 - Environmental cracking
characterization curve for titanium
allcy T-55

T, -SAi -4V

ST-56-A 1/2' PLATE, SPECiMEN
SECTION I12" "2
AS RECEIVED120 -

5Ov IksO 123 7

10UTS(ks.) 130x-,, 
H E• A T N O V 2 8 2 2 T

-C 63iOO 
--

400

95

40

20

0 48 10 12 14 -25 30 35 40

TIME ( MINU
T
ES (

Fig. 28 - Environmental cracking characterization curve
for titanium alloy T-56
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140
Ts -Sti - 25 Sn
I , ' A I/?' PLATE, SPECIMLN

AS RtECEIVED
YS (k, il36

120 UTS (k1h) 124 0

(DRY1 HEAT NO 0•5%, T

10 Mc 66

- 0

4&0H g(ItcI

2 4 6 a 0 1 14 6 8 20
TIME !MINUTES) ZýN IR

F~ig. Z9 -Environmental cracking characterization curve for titan~um alloy T-57
140 t,_ -?A!. !I 1 , I - C -I T o,

T-58-A 1/2' PL•ATE, SPECIEME
',ECTI(WI/2' . IIZ"
AS RECEIvED
YS (kIs,) '130

120- UTS (k,) 1240

hEAT NO 0 t356 T

MC 57
100

_80

6 0 r

40P"

40

Q8 0 14 16 i8 20

TItE anIm LlToSy-

Fig. 30 -Environmental cracking characterization curve for" titanium alloy T -58
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i40 TI -6AI - 2M3
T- 59-4 I/2 PLATE. SPECIMEN

SECTION I,2 1/2
CHEAT TREATMENT .*0F/i hr/ACF0 IOO/2 hr/wO]

12or-ORY1YS 1k~i) 125.9 L, 123D T
IJTS 090' 130? L. 131 2 T
HEAT NO V 2823 T

MC at

L• a- KZISC¢.

76

00 2 4 6 a 0 40 60 2400
TIME (MINUTES)

Fig. 31 - Environmental cracking characterization curve
for titaniuim alloy T-59

120- T-62
120 TI-TAI-12 2r

LAMINATE
YS - 110.3

too- OWTT• 70

- o

1,K,, 42 KSI .2

40-

20-

0
0 10 20 30 40 50 60 60 so

TIME (MIN'

Fig. 3Z - Environmental cracking charac-
terization curve for titanium alloy T-62
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Ti. 6A1-4V-2Sn

90K;SCC 115-9 OwTT 1173 FT-LbgS

I SIDE ROE
60 1- NOT SIDE0 NO BR~EAK

Fig. 33 - Environmental cracking
characterization curve for
It.-tniurn alloy T-67,

so-

40D 10 20 30 40 0 6

TUEa IMIN)0E0

140- T -68

To -6AI -4Zr -2 Sn .5Mo- 5V
ALL SPECIM~ENS SIDE GROOVED

120'R YS 1135Ksi
DWTT 1784 FT -LOS

100

Fig. 34 .- Environmental cracking z,0
characterization curve for ~8
titaniuln alloy T-68

40- 0- NO BREAK

SKISoC ~35 -40 KsI4I

10 20 30 40 50 60 70 s0
TIME (MIN) qi

T-69
140r TI -tOW- 5.4%

[DqRYl ~ i KK 129 XXS1 I 200"F/46R/wo

120- BIREAK 1ff5

136
-1001

Y.S. -II51C31
OWf - 1905 FT -L Fig. 35 - Environmental cracking

characterization curve for
titanium alloy T-69

40

0 10 20 30 40 50 60 70 s0
TIME (MIN) Q P
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140
Ti-7A I -2Cb I To
T - 70-IL I" PLATE. SPECIMEN

SECTION I" s 1/2"
AS RECEIVED

120 YS (.so) 1024L.,OOST
UTS (kid) 1140L.1179T

SOR HEAT NO 291479

MC 54

10 (DRY)

x X- ) (DISTILLED WATER)

63

40

20

00 20 40 60 s 00V 300 500 '00 900 1100
TIME (MINUTES)

Fig. 36 -Environmental cracking characterization curve for titanium alloy T-70

140 T; - 7AI-2Cb - ITo
T - ?O-ST I PLATE, SPECIMEN

SECTION I" K 11/16"

AS RECEIVED

120 YS (kso) 1024L. IO06T
120 R Y ) U TS k $,) 114 0 L , 117 9 T

HEAT NO 291479

(DRY) MC 53

80!

- 60

x X.-ISEA WATER)

40 C

40

(SEA WATER)

10 12 14 16 i 8 2 0"T .M E ( -AI N U ' E S )

Fig. 37- Environmental cracking characterization curve for titanium z.1loy T-70



a'

24 JUDY AND GOODE

120 T-71
Ti-7A1 -2*Mo

SDRY YS 113 5Ks$

DWTT 1751 FT-LB
AS REC'D

100

- 90 •Kic.88 KsI,/l Fig. 38 - Environmental cracking
0 characterization curve for

titaniu-n alloy T-71
1030

S0O .- 190
246

70- NO BREAK

60 I I I I 1 I J
o0 io 0 30 40 s0 6w 70 80TIME (MIN)

I T-72-1L2

I; 16 TI-TAI-2Cb-ITI

YS-102.S KSI
DWTT-21?4 FT-LB

150 22G0'F -LARGE RED-AC

120.

Fig. 39 - Environmental cracking
characterization curve for g 90

titanium alloy T-72

3960 K,,sc 45 I(SIARi

30-
NO SREUAX

0c I I I

0 10 20 30 40 50 60 70 S

TIME (MIN)

T-T3A
I0S- TI-?AI-2Cb-ITO

YS - 103 XSI
WTT 21204 FT-Li

140 l650*FII /IAC

Fig. 40 - Environmental cracking
-00o characterization curve for

titanium alloy T-73

soL -K,6.4•KSIAii

"01 10 20 o 4 O 40 7,0 so
TIME (MIN)
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120 T-T4 B

TI-7AI-2 Cb-I To
PLANETARY ROLLED

I00- 2010* F
DWTT-2206 FT-L8

-80 1-

Fig. 41 - Environmental cracking 60 T
characterization curve for _ 0-
titanium alloy T-74 4K200c 50 KS1

40-

20,

0 10 20 30 40 50 60 70 so
TIME (MIN) 06 ...L .

12 T-75
TI-7AI-2Cb-ITa

I00

-- 80C1 0 0 1 
F ig. 42 - Environm ental cracking60, characterization curve for

I o K~scc'43 KSI /titanium alloy T-75
4 0 , 3 9

20[.NO BRA201

0 .. I -- -- j
0 10 20 30 40 50 60 70 80

TIME (MIN)

160 T-76
T l-?AI-3Cb-2Sn

DRY YS-108.5 KSI
140 DWTT 2026 FT-LB

20O

Fig. 4 3 - Environmental cracking I__
characterization curve for 100
titanium alloy T-76

IF so- Kscc- 75 KSI -A•.

60 
0

40 I I I
o 10 20 30 40 50 eO 70 so

TIME (MIN)
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140 TI - 761- 2Cb - ITo

,(RY) - 78-L• I" PLATE, SPECIMEN
SECTION i 1/2" (',ID GROOVED
TO 3/8 ")

'20 AS RECEIVED
IS (ks) ,306 L. 140 7T

Mc 58

100

x x

88-- 80

. 60

40

20

0 2 4 6 8 10 12 14 16 18 20
TIME (MINUTES)

Fig. 44 - Environmental cracking characterization curve
for titanium alloy T-78

T-80
120 F Ti-6AI-2Mo-2V-2Sn

YS-I20 KS-

1 0K,,,96KSI./-,. DWTT-1540 FT-LB

so-Y~
4

-y

BREA. 300

S60r-

40-

201ý-

0 L----- • I 1 L .±

0 io 20 30 40 50 60 70 8o
T IM E (M IN ) 0 .1.-' Q

Fig. 45 - Environmental cracking character-
ization curve for titanium alloy T-80
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1 T-88A
TI-7AI-IMo-IV
17500 F / I HR / VAC F.C.

too RY 9 0  KSI /IN-. 1/2 INCH PLATE T
K~iscc • 0 KS 1.

Fig. 46 Environmental cracking 0

characterization curve for x' 60k 40 BREAK

titanium alloy T-88A - I
"40t-

20hý

0 L -- • . .. .

0 10 n•2• 40 50 60 70 80
TIME (MIN)

TI-? AI-I M.-IV
AS REC'D

120 1/2 INCH PLATE

Fig. 47 - Environmental cracking

-- K,.7eKSI./i Icharacterization curve for
aft" titanium alloy T-88B

40

0 10 20 30 40 50 60 70 60
TIME (MINI

14 0. . T-88C
T.-7AI-IMO-IV

AS RFEC'D

120- YS 105 6 KSI
tVWTT-2443 FT LSDAY

Fig. 48 - Environmental cracking A

characterization curve for -K____-__ I/,i

taLnum NO BREAK

0 10 20 30 40 50 60 70 80
TIME IMIN)
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140-Q T-88D
T•-7AI- IMo ,IV
1850"F/IHR/Ho COOL

DRY YS-1064KSI
120 DWTT-2026FTLB

100 Kýs C C 9ý21KS IJ NOBEA I.:- 396
N BREAK 9860

.- Fig. 49 - Environmental cracking
8 - . characterization curve for

BROIKE-ý' titanium alloy T-88D

60-

40

o I I J 1 I I I

0 to 20 30 40 50 60 70 80

TIME (MIN)

,401 I
T-I?8E

T- 7AI- Mo-IV
1750* F/I HP/H. COOL

120 DRY YS 19 8 (SI
DWTT- 1228 FT LB

100

Fig. 50 - Environmental cracking K 9

characterization curve for 80
titanium alloy T-88E N

60, NO BR EAK 1> 150S

460

40

0 ' .I..L 1L ... L--_.-L-
0 0 20 30 40 50 60 70 80

TIME (MIN)

1210 T -8 8 _
STi- 7AI - I Mo - iV

YS 1137 KSI
100 1800 *F/ I HR/He COOL

(PLATE FROM H T
MIG WELOMENT) Fig. 51 - Environmentalcracking0 

,ROKE characterization 
curve for

K, "IG W titanium alloy T-88

40[ 9

201

00 C o 0 o0 4o 50 60 to 80 90
TIW i MIN)
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1-4
TI-7AI-2Cb-ITs

YSIO -10 SI
lO00 DWTT - 2146 FT-Lb

Fig. 52 - invironmental cracking 0S
characterization curve for G
titanium 

alloy T-89 

6 F.45KS4 A1

i V .i K:sC• 45 KS I A

40t- 

6'XS

20k

20
0 L .__ _ . . .• . . .. i , _. L_.. LJ_ _

0 to 20 30 40 50 60 70 s0
TIME (MINI

140- T-90
TI-5AJ-2V-2Mo-2Sn

YS-112 7 KSI

120- TOWTT-1723 FT-LU8AS AECOD

Si0 ,, , KISC, 100 KSIW1"

IT Fig. 53 - Environmental cracking

s01-V characterization curve for

titan~um alloy T-90

40

0 I -I-0 to 20 30 40 s o60 70 s0
TIME (MIN)

40  T-91Ts tO SI

TI-GAI-4V
YS -104 9KSI

QA• DWTT-1228 FT-LU
Iu2 AS REC-r

Fig. 54 - Environmental cracking I' , SC. 90 KsI % j

characterization curve for ieor- V
titanium alloy T-91

40(.0 -ol__ ___ .... 

I

0 10 20 30 40 50 60 70 80
TIME (MIN)
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1
4 o

r T-92
Ti 6 A1-fiV-2 Sn- I C- Ze

OWTT-680 FT-LB
1
2
Oj, YS-122 , KS,

[• 100 b ,,sc ¢. 96 KSI -1KN •

,20 Fig. 55 - Environmental cracking

ox0 Is0o characterizatic n curve for

- ..o * I, [ titanium alloy T-92x sL

40,'°I
O 10 20 30 40 50 60 7C so

TIME (MIN) ::::

T-92

T,-6A1o6V-2Sn-ICu- 5Fe
I10- Y S 210 1 KS1

t 1660 *F / I HR / He COOL

00, (PLATE FROM H T
;\ MIG WELDMENT)

Fig. 56 - Environmental cracking T IG WEL--_T .. 102

characterization curve for i
titanium alloy T-92 60'

40 L

20

-0 o L I
0 10 20 30 40 50 iin0 10 80 90

TIME (MIN)

140F T-9340 Ti-6AI-3V-wMo

YS -116 5 KSI

D W TI0 7 OWTT-113FTLB120•. K~¢=IKli/• S R 1)'

1

Fig. 57 - Environmental cracking
so0- characterizati(n curve for

Stitanium alloy T-93
60-

-10 20 30 40 50 60 "70 90

TIME (MIN) 4IL
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S ~T- 93
160 

TI-6A1-3V.IMo
'YS I079 KSI

140 18 5 0 *F/IHR/He COCLS•i 
PLATE FROM H Ym • ,•MIG WELDMENT)

Fig. 58 - Environmental cracking DRY
characterization 

curve fortitanium alloy T 93 '00 KOSCC•.9KS1 A
S80, 

•-EoI

60

Io 2 4 6 -o50 60 70 80 90
TIME (MiN)

120V 
T-94S~T,"7AI-2i M.DR

0  
Y 

YS-1192 KSI10 DWTT-1540 :T-LBlor 
AS RECO1

= o- Kiig.8 
5SI-

eopýý _ 
20

6Fig. 59 - Environmental crackingB characterization curve for
4o•- titanium alloy T-94

20L.

0 10 20 30 40 so 60 70 soTIME (MIN)

'40 T-946
TI-741 -2.5Mo
ISO0*F/I HR/He COOL

!2 r "qy OWTT -20e6 FT LB

S;oc BROKE_
D0 K, 1s . 93KSI~rim ý360Fig. 60 - Environmental cracking K620

characterization 
curve for x 80 

§-8254titanium alloy T-94B 
3 BREA4

60J-

20 0 
---o IO 20 30 40 50 60 ' s oc

TIME 
(MIN)
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T-94
T,-7AI-22' Mo

140 YS 108 KSI
1800*F/I HA/He COOL

(20 (PLATE FROM HT
MIG WELDMENT) / 36

1OO KK xccg
92 

KSI V1"- od Fig. 61 - Environmental cracking

characterization curve for
S801- 114 titanium alloy T-94

60L BREAK

401-0'o'

0 (0 0 30 40 50 60 70 eo 90
TIME (MIN)

q T -- mT!
TI-GAI-4V
<012% 02

100 OWTT-UIIFT-Le

Fig. 6Z - Environmental cracking I • S(4i

characterization curve for 1; so[-titanium alloy T-95 I
40 0EA

2 0

S10 20 30 40 50 S0 70 so
T•ME (MIN)

140f--T4
Ti- 6AI-4V (ELI)

120" DRY YS 115 2 KSI
1850'F/I HR/He COOL
(PLATE FRUM HT

100 - MIG WELDMENT) BRCK*E

KIscc ,64 KSI,417 •'

80 TIC.4 S i 2I6ý Fig. 63 - Environmental cracking

84 characterization curve for
6r,. titan-un, alloy T-95

40'

I I I I : I &~

0 ° 0 ?0 o 0 40 50 E0 70 80 90
TIME IMIN'
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,4 T *-96

Ti -GAI-ZCb-ITo- 8*t

12 T DRY CWT T - 2384 FT -Lb

0.KISCC-90 KSITIftJ 12240

sEAK-
1650

Fig. 64 -Environmental cracking x; 11 O BREAK
character izationi curve for _
titanium alloy T-96Z

-- 40I
i0

0 10 20 30 '.0 50 60 70 80
TIME (MIN)

T -97
T

4
-r Ti-iIM-5S---Zr

DWTT -1021 FT -LB

13 0 0 1§ ISCC .94KSI VIi _ C220

80_- n Fig. 65 - Environmental cracking

0harncharacterization curve for
titanium alloy T-97

60,-

4 0 r-

2 0 I-I_ _ _ _III
0 1O 20 30 40 50 60 70 so

TIME (MIN )M

120
T- -7 T-98

TiO-35 A-

AS REC'0
10;. YS 740XSI

, DY OWTT- 39- FT LB

'~ISCC SBOKSý IN BRO4E

Fig. 66 - Environmental cracking N - g

characterization curve for BREAi

titaniuim alloy T -98

6or-

4040

20 L

0i [ -, ------ - --- I I I
0 t0 20 30 40 50 60 70, 80

TIME (YIN)
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T-98
T,-3 5A 1120F 1-i ~660*F/ .R/M* COO--
DWTT- 4724 FT LB

80KSC '64- K OcKSIJ'.
So +, Fig. 67 -Environmental cracking

characterization curve for
titamiurn alloy T-98

~r40--

0 10 20 30 40 50 60 70 80
TIME (MINJ)

T- IIOE

0 KISCC I0KS1IWIN OWTT-i052 FT LB

ST-98lsc

SYS TO 9 EAK

Fig. 68 - Environmental cracking

characterization curve for
titanium alloy T - 0 E I t a o T -

40

202

io _ _ L± L

0 t0 20 30 40 50 60 T0 80

TIME WMINI

R-i
T120 i IA-2 Mo

FR YS 117.6 KS1
DRTW"T-1601FT LB

0 0o K S C C K9 4C S II OK'N-

8 0 -

Fig. 69 - Environmental cracking
characterization curve for-- • tntitanium 

alloy R- I

"4040

20

01
o 10 20 50 60 70 20

TIME (MIN)
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120
R-2

Ti--6AI-4V-2 Mo

:00 ORY YS-126 KSI
DWTT-1052 FT LB

K Z15c' 82 KSI %'

Fig. 70 - Environmental cracking
characterization curve for x 60
titanium alloy R-2

40

20

01 I
0 10 20 30 40 50 60 70 8o 90

TIME (MIN)

120
R-4

Ti -6AI-6V-2Sn-2Mo

100 YS -138 2 KS1
DWTT - 514 FT-LB

DRY
80 B Ro•€
0 / zscc 65 KSI iN 36 Fig. 71 - Environmental cracking

C, 60 •-- characterization curve for
titanium alloy R-4

40

20 -

0 10 20 30 40 50 60 70 80 90
TIME [MIN)

) ~R4
TI- 6A1-6V- 2Sn-2 Mo

120!- 1660 *F/2 H" /IHe COOL

YS 1268KSI
,0Of _ OWTT-681 FT LS

Fig. 72- Environmental cracking •0- 96-1-- FT LB

characterization curve for i 20j
titanium alloy R-4 G

20 ~

0 io 20 30 40 50 60 70 eo 90
TIME ( MIN )
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i4C oUNALLOYED TITANIUM
A --70 GRADE (HIGH INTERSTITIAL)
AS RECEIVED ;/2' PLATE, SPECIMEN

SECTION 1/2'- 1/4"

120 -S li, 80 -040

MC 72

100

- DRY)

-m60 "

x

40- 44

20

0 II , I ,I I 1J 4  , I. 11111, !
0 2 4 6 8 10 12 14 16 18 20

TIM E (M IN U TES ) Z-

Fig. 73 - Environmental cracking ch-tracteristics of high interstitial
unalloyed titanium

140 TI 7AI-2Cb-MT.
(FROM DTMB I-1 PLATE, SPECIMEN

SECTION 718"XI/2"
YS (kvl) 105-110

120- MC 55

(DRY)

10

so

mx

60~-

mx
m[X

40 -

m~~'1C 
YI(s) O-

V35  (NO BREAK)

"0 IC 20 30 40 Y 60 80 '00 12 140

TIM IW UT ý

Fig. 74 - Environmentat crack -g characteristics of a Ti- 7AI -ZCb- ITa alloy
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140

To-S41- IIMo .IV

I/8 " SHEET

YS (kII ) 130
120

MC 61

'0

CI'- I
, 60

(DRY)

40

DISTI.LED WA.TER

420 X 'X X X'- DISTrLL ED WATER

J8

0 i6 to0 '2 14 o6 18 2
TIME (MINUTES)

Fig, 75 - Environmental cracking characteristica of 1/8" sheet material
of T- - 8AI - 1Mo- 1V alloy

T1- 6AI -AV

.AINUTEMAN CASING MATERIAL
SECTION 3/4'x 1/10'

12 0 
v S (k 1 1) 16 5

tMc 64
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Fig. 79 - Environmental cracking characteristics of an electron
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140

T - 27
f-r'%'AL 4V
MIG WELD

120

1O0,0 0

0
K•OO BASE PLATE

@0 (o T-27-L6)

Fig. 80 - Environmental cracking
characteristics of a MIG weldment - tsc O BASE PLATE
of titanium alloy T-27 (T -27-L6)

S60 (T--6

40

20

MC 82ý

(CL) (FL)
0  

010 020 030
DISTANCE (INCHES)

LR3



a

40 JUDY AND GOODE

440

K 1 . OF 
T. - 7AL- 2Cb -I To

BASE PLATE 
E 8 WELD

120 (T-78-03)

K 15€€ OF BASE PLATE

(T-78-.,,
80

60

0 0
0

40

20k

IVC 84

012 -- ,1

0 010 020 030 040 050 060 070 080 090
DISTANCE FROM CENTER LONE (ONCME'., •Ij

Fig. 81 - Envirinmental cracking characteristics of an electron
beam weldment of titanium alloy T-78
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